It is necessary to investigate the efficiencies of filtering facepiece respirators (FFRs) exposed to ultrafine particles (UFPs) for long periods of time, since the particle loading time may potentially affect the efficiency of FFRs. This article aims to investigate the filtration efficiency for a model of electrostatic N95 FFRs with constant and 'inhalation-only' cyclic flows, in terms of particle loading time effect, using different humidity conditions. Filters were exposed to generated polydisperse NaCl particles. Experiments were performed mimicking an 'inhalation-only' scenario with a cyclic flow of 85 l min -1 as the minute volume [or 170 l min -1 as mean inhalation flow (MIF)] and for two constant flows of 85 and 170 l min -1 , under three relative humidity (RH) levels of 10, 50, and 80%. Each test was performed for loading time periods of 6 h and the particle penetration (10-205.4 nm in electrical mobility diameter) was measured once every 2 h. For a 10% RH, the penetration of smaller size particles (<80 nm), including the most penetrating particle size (MPPS), decreased over time for both constant and cyclic flows. For 50 and 80% RH levels, the changes in penetration were typically observed in an opposite direction with less magnitude. The penetrations at MPPS increased with respect to loading time under constant flow conditions (85 and 170 l min −1 ): it did not substantially increase under cyclic flows. The comparison of the cyclic flow (85 l min −1 as minute volume) and constant flow equal to the cyclic flow minute volume indicated that, for all conditions the penetration was significantly less for the constant flow than that of cyclic flow. The comparison between the cyclic (170 l min −1 as MIF) and constant flow equal to cyclic flow MIF indicated that, for the initial stage of loading, the penetrations were almost equal, but they were different for the final stages of the loading time. For a 10% RH, the penetration of a wide range of sizes was observed to be higher with the cyclic flow (170 as MIF) than with the equivalent constant flow (170 l min −1 ). For 50 and 80% RH levels, the penetrations were usually greater with a constant flow (170 l min −1 ) than with a cyclic flow (170 l
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IN TROD UCTION
Ultrafine particles (UFPs, D p < 100 nm), once inhaled, can cause serious health diseases, by the their deposition in the lungs as well as their translocation to other secondary target organs, generating inflammation (Oberdorster et al., 2004; Semmler et al., 2004; Maynard and Kuempel, 2005; Byrne and Baugh, 2008; Ostiguy et al., 2010) . It is therefore crucial to filter UFPs from the inhaled air to reduce the risk of exposure. In this regard, respiratory protection through filtering facepiece respirators (FFRs) is widely used by industrial and health-care workers. Among all commercially available FFRs, the N95 filter is probably the most widely used device. The high efficiency rates of the N95 filter in capturing ultrafine and submicrometer particles is typically due to electrostatic attraction by the charged layers used in the filter media. These filters are certified by the National Institute for Occupational Safety and Health (NIOSH) according to 42 Code of Federal Regulations, part 84 (42 CFR 84) .
Generally for electrostatic filter materials, the particle loading effect is usually accompanied with a continuous increase of pressure drop in the filter and a primary raise in penetration due to the weakened electrostatic charge (Brown et al., 1988; Walsh and Stenhouse, 1997; Barrett and Rousseau, 1998; Wang, 2001) . The raise in penetration is of course followed by a decrease in penetration in following loading stages for solid particles, because of clogging by deposited particles (Walsh and Stenhouse, 1997; Wang, 2001) . For liquid particles, the penetration is however steadily increasing with respect to particle loading (Biermann et al., 1982) . While many studies have investigated various initial penetration conditions (Balazy et al., 2006; Eninger et al., 2008; Rengasamy et al., 2008; Haruta et al., 2008; Grinshpun et al., 2009; Eshbaugh et al., 2009; Mostofi et al., 2010; Gardner et al., 2013; Mahdavi et al., 2014; Bahloul et al., 2014) , few studies have focused on the effect of particle loading (Barrett and Rousseau, 1998; Moyer and Bergman, 2000; Mostofi et al., 2011; Rengasamy et al., 2013) , particularly for N95 cases. Barrett and Rousseau (1998) tested advanced electret filter media (materials prepared for NIOSHapproved filters: N, R, and P series) with loading of NaCl [0.08 µm as the count median diameter (CMD) and 0.2 µm as the mass median diameter (MMD)] and dioctyl phthalate (DOP) (0.18 µm as the CMD and 0.3 µm as the MMD) with a 85 l min −1 constant flow and up to a 200-mg challenge aerosol load. They found that the penetration and the pressure drop initially increased with the aerosol challenge load. However, the penetration of loaded advanced electret filters was found to be 10-fold smaller than the penetrations of conventional electrostatically charged blown microfiber loaded media (with the same pressure drop for both filter materials). Moyer and Bergman (2000) determined the loading effect of small masses of NaCl [CMD of 75 nm with geometric standard deviation (GSD) of less than 1.86] for a challenge concentration of typically 5 ± 1 mg day −1 on N95 filters, for an 85 l min −1 constant flow rate. The loading tests were performed for a period of 1 day and were repeated once a week for a period of weeks; between two consecutive testing periods the N95 filters were kept uncovered, outside the test laboratory, without any exposure to NaCl particles. The results showed that, within a 1-day period, the particle penetrations decreased with the NaCl load of 5 mg. However, the intermittent exposure of filters to NaCl (from 1 week to the next), resulted in an increase in the average penetration which according to the authors was due to electrostatic degradation of the filters. Mostofi et al. (2011) investigated the loading effect of polydisperse NaCl particles (ranging from 15 to 200 nm) on N95 FFRs for a 5-h period for a constant 85 l min −1 flow. The results indicated that a significant decrease in penetration occurred for particles with sizes smaller than 100 nm. The average penetration for nanometric sizes, for the initial and final stage of loading, for instance, decreased from 1.76 to 0.87%, respectively. However, for larger particles, the penetration slightly increased over the loading time. The final average penetrations for 100-200 nm were recorded as 1.07% compared to the initial penetration of 0.71%. The MPPS also shifted from 41 to 66 nm after 5 h of loading time. Rengasamy et al. (2013) tested two models of N95 and P100 FFRs loaded with up to 200 mg of DOP. The filter penetration challenged with polydisperse and monodisperse NaCl and polydisperse DOP aerosols were then evaluated at different DOP loads. The result revealed that, with both polydisperse DOP and NaCl, penetration through the N95 models increased to above 5% (the maximum NIOSH allowable limit) indicating degradation. The MPPS for monodisperse testing also shifted towards larger sizes from the 40 nm initially measured. For P100 filters, on the other hand, load of up to 200 mg of DOP did not increase the DOP aerosol penetration. It was also observed that for some P100 filters, higher penetration may be observed for less DOP load, when the filter is challenged with NaCl aerosols.
Other than the loading effect, the efficiency of filter materials may be also affected by the humidity (Ikezaki et al. 1995; Lowkis and Motyl, 2001; Yang and Lee, 2005; Kim et al., 2006) , despite the fact that there is no clear trend observed in literature, due to different filter selections and test conditions. For mechanical filters (no electrostatic attraction), Kim et al. (2006) observed that, for UFPs, the humidity does not have a significant impact on filter efficiency, when glass fibrous filters for relative humidity (RH) levels of 0.04-92% were tested. For electrostatic filter materials, however, different scenarios were observed. Yang and Lee observed no significant change in filter penetration at different RH levels (30-70%) when testing electret filters at ultrafine range. In contrary, Ikezaki et al. (1995) and Lowkis and Motyl (2001) found a significant loss of electrostatic surface potential when exposing electrostatic filter surface to the humid conditions for a long period.
Summarizing the results from previously published work, limited attention on N95 FFRs' efficiency has been received with respect to the particle loading time effects and humidity. Particularly, the 'loading time' impact of polydisperse NaCl particles on N95 FFRs has been discussed in only one peer-reviewed article (Mostofi et al., 2011) . Nonetheless, the selection of the latter study was limited to only a single constant flow and humidity. Also, comparison of the penetrations measured for cyclic and constant flows for N95 filters have also been compared in some earlier studies (Stafford et al., 1973; Brosseau et al., 1990; Haruta et al., 2008; Eshbaugh et al., 2009; Wang et al., 2012; Gardner et al., 2013; Bahloul et al., 2014) . However, the measurements were normally performed for a penetration at a specific filter loading (usually initial). This study aims to evaluate the efficiency of an N95 FFR model under constant and 'inhalation-only' cyclic flows considering the loading time and humidity effect. Figure 1 shows the experimental setup used in this study. Challenge particles were generated using a filtered air supply (Model 3074B, TSI Inc., Shoreview, MN, USA) and a six-jet Collison nebulizer (CN 2425, BGI Inc., Waltham, MA, USA) with a 0.1% v/v NaCl solution. A drying system containing silica-gel beds and a Kr-85 charge-neutralizer (Model 3012/3012A, TSI Inc., Shoreview, MN, USA) were used to remove the moisture and neutralize particle charges. The particles were then diluted with a clean air stream, mixed, and dispersed through the test chamber. An outlet flow and a pressure regulator were used to balance the chamber pressure. To change the humidity of the chamber, a humidity control system (MNR Model HCS-301, Miller-Nelson Research Inc.) was used in the clean air stream.
M ATER I A L S A ND M ETHODS

Experimental setup
For constant flows, the outlet flow pump was directly connected to the manikin head form (Fig. 1a) . For cyclic flows, the head form was connected to a flow/volume simulator (Series 1120; Hans Rudolph Inc., Shawnee, KS, USA) to provide the selected cyclic flow (Fig. 1b) . A three-way pressure valve was used in this case to prevent exhalation flows from returning through the chamber to obtain the desired 'inhalationonly' simulation.
Respirator selection
One model of commercially available N95 FFR with two straps and a nose clip and without exhalation valve was used in this study. The FFRs are made from electrostatically charged microfibers. The respirators were tested as received. The respirators were fully sealed to the manikin head form with a bead of silicone sealant to avoid any leakage. All the reported values therefore correspond to filter penetrations only.
Penetration measurements
The methodology used to measure the concentration distribution is similar to the one reported in our earlier study . Downstream and upstream sampling were completed using two sample probes with same lengths, made of 1/4″ O.D. polyethylene/aluminum composite tubes. The end parts of the downstream and upstream probes were located 2.5 cm inside and 2.5 cm outside of the filter, respectively (5 cm distance between the upstream and downstream sampling locations)
Particle size distributions were measured by a Scanning mobility particle sizer (SMPS) using an electrostatic classifier (EC) (Model 3080, TSI Inc., Shoreview, MN, USA) and a condensation particle counter (CPC) (Model 3775, TSI Inc., Shoreview, MN, USA). The EC consisted of a long differential mobility analyzer (DMA) (Model 3081, TSI Inc., Shoreview, MN, USA). The SMPS samples for the tested size range (10-205.4 nm) were divided into 21 size channels. For each penetration measurement, a downstream sample was collected first, then the sampling was switched to upstream, and an upstream sample was taken. The SMPS sampling flow rate was 1.5 l min −1 . The penetration was obtained from the ratio of the two concentrations, as shown below.
Each measurement (whether downstream or upstream) was repeated twice, each one requiring a time span of 180 s (total of 360 s). After each scan, a 15-s retrace time was given by the device for DMA voltage adjustment, for previous air sample clearance, and for new scan preparation.
Experimental conditions
The loading effect tests were carried out under two constant flows of 85 and 170 l min −1 and a cyclic flow of 270 l min −1 as peak inhalation flow (PIF) (85 l min −1 as equivalent minute volume). The constant flows of 85 l min −1 and 170 l min −1 were selected to compare the cyclic flow and the constant flows equal to the minute volume and the mean inhalation flow (MIF) of the corresponding cyclic flow. The rationale for the selection of this specific cyclic flow is to have an inhalation volume equivalent to a constant 85 l min −1 flow for the total breathing period. These conditions reflect the 85 l min −1 value used by the NIOSH as the minute volume of the breathing under high workloads (NIOSH 1995; 42 CFR 84) . The minute volume is defined as the amount of air inhaled per 1 min of breathing, while MIF is the average airflow inhaled per one inhalation cycle. Also, PIF is the maximum flow obtained in an inhalation cycle. For the ideal sinusoidal flows, PIF is unique in each inhalation cycle and consequently, the minute volume and MIF are π and π/2 times smaller than the PIF, respectively. For instance, in a cyclic flow of 270 l min −1 as PIF (as tested in this study), minute volume and MIF would be 85 and 170 l min −1 , respectively. The temperature of the chamber was kept at 25 ± 3°C. To evaluate the impact of humidity on the particle loading, loading tests were done at three RH levels: 10, 50 and 80%.
After obtaining a stable NaCl particle concentration distribution in the chamber, the penetration (ratio of downstream to upstream concentration) was measured at t = 0, 2, 4, and 6 h to evaluate the effect of loading time on filter efficiency. The upstream concentration distributions in this study were polydisperse (GSD ≈ 1.7). The CMD at 80% RH was, however, observed to be larger (≈ 65-70 nm) than 10 and 50% RH (≈ 45-50 nm). Figure 2 provides the percentage of size distribution at different experimental conditions. The average challenge concentration in terms of total concentration (normalized for whole range; 10-205.4 nm) is also provided in Table 1 , for each experimental condition.
To verify that the upstream concentration remained relatively stable during the entire experiment in each individual replicate, the deviation among four recorded upstream concentration distribution samples (measured at initial time, 2nd, 4th, and 6th h) throughout all size channels was evaluated. For the 10 and 50% RH tests, for instance, the maximum and average deviation among the samples, throughout the entire size channel range (all 21 size channels), did not exceed 17 and 8%, respectively. The maximum deviation normally occurred in the smallest or largest size channels (close to 10 or 205.4 nm) where the concentration distribution (in terms of particle size) was low compared to the other size channels. Nevertheless, the deviations among samples throughout most of the inner channels (including the MPPS, as the worst-case scenario penetration measurement) were significantly less than the maximum deviation. Similar to 10 and 50% RH, the concentration at 80% RH was almost stable for all the channels larger than 15 nm (deviation among the samples were considerably less than 15%). With size channels smaller than 15 nm, however, stable conditions were not always possible, since the maximum deviation among the samples for these channels was sometimes high (deviation among the samples were considerably higher than 15%). This is due to low particle concentration (≈ 10 2 -10 3 #/(cm 3 . channel)) and it seems to be the effect of a high RH of 80% on the NaCl particles.
To better interpret the contribution of humidity in the particle loading results associated with high RH, additional experiments were performed with the control of an unloaded FFRs under the same humidity conditions, but without particle loading (control FFR tests). To do this, control FFRs were exposed to a constant flow rate of 85 l min −1 and 80% RH for a period of 6 h without particle generation during the conditioning of the filter with RH. In other words, the particles were generated only at the initial stage of the experiments and at the end of 6th hour to measure particle penetration through the set of the control FFRs.
Data analysis
For each selected flow rate and given humidity level, five different respirators (N = 5) were loaded, each for a 6-h loading time period. The time-dependant penetration values were then analyzed in terms of the mean values and standard deviations. Control FFR tests were also done for three different respirators (N = 3). Using the NCSS program software (LLC Inc., Kaysville, UT, USA), the comparison tests were performed by analysis of variance (ANOVA) to verify the significance of the loading time on MPPS penetration (response variable). The normal transformations were performed to normalize the pooled data, in case the normality of the pooled data was rejected by descriptive statistics.
R E SULTS
Loading time effect at 10% RH Figures 3-5 give the penetration for the constant flows of 85 and 170 l min −1 and the cyclic flow (with equivalent 270 l min −1 as PIF). Figure 3 shows that, at low humidity levels (10%), the penetration for most of the sizes below 80 nm (including the MPPS) was reduced with the loading time for all flow rates. For instance, the measured penetrations at MPPS for the 85 l min −1 constant flow rate were reported as 2.70 ± 0.60 and 1.06 ± 0.19% for the initial and for the 6th h loading time stages, respectively (see Fig. 3a ). This figure also shows that the MPPS shifted from 39.2 to 60.4 nm for the entire loading time (from the initial to the final stage). Statistical analysis found that the change in MPPS penetration, in terms of loading time, is statistically significant (P < 0.05).
Similar to the constant flow rate of 85 l min −1 , the penetration of most channels was significantly reduced (P < 0.05), with the loading time, for the constant flow rate of 170 l min −1 and low RH levels (see Fig. 3b ). For 170 l min −1 , for instance, the MPPS penetration decreased from 6.92 ± 0.85 to 3.08 ± 0.84% for the initial and final (6th h) stages of the loading time. The MPPS shifted from 34.0 to larger sizes. However, it was observed that, for the final stage of the loading test (6th h), the location of the MPPS was not clearly defined since the penetration variations differences at various size channels (mostly larger than 80 nm) was not statistically significant (P > 0.05) (see Fig. 3b ). In fact, the penetration curve for the larger sizes at the 6th hour of loading was a relatively constant function in terms of particle size (see Fig. 3b ).
For the cyclic flow (see Fig. 3c ), the penetration of smaller sizes (mostly <100 nm) was found to decrease significantly as the loading time increased (P < 0.05). The penetrations at the MPPS for the initial and 6th hour stages of the loading time for this flow rate were measured to be 6.80 ± 0.52 and 4.33 ± 0.28%, respectively (see Fig. 3c ). The MPPS shift was from 34.0 to 52.3 nm for the initial and final stages of loading, respectively.
Unlike the smaller particles at 10% RH, the penetration of larger particles (>100 nm) normally increased with the loading time (see Fig. 3 ). For the constant flow rates of 85 and 170 l min −1 , the penetrations at the 2nd and 4th h loading time stages were found to be slightly higher than at the previous stage. Such an increase in penetration (or reduction in efficiency) is consistent with earlier results (Brown et al., 1988; Walsh and Stenhouse, 1997; Barrett and Rousseau, 1998; Ji et al., 2003) , despite variety in the size and challenge particle. At the 6th h loading time, however, a slight decrease in penetration was observed compared to the 4th h (see Fig. 3a,b) . This reduction could potentially be attributed to the formation of dendrites which inhibit more particle penetration. The latter phenomenon has been proposed earlier (Barrett and Rousseau, 1998; Wang, 2001) . For the cyclic flow, on the other hand, the penetration of large particles (>100 nm) always increased with longer loading time (see Fig. 3c ).
Loading time effect at 50 and 80% RH Figures 4 and 5 indicate that as the humidity increases (to 50 and 80%), filter penetration normally shows an opposite behavior compared to low RH levels in terms of loading time. Overall, the penetration within the tested size range, at 50 and 80% RH, was normally found to increase rather than decrease as it was the case with a very low RH (10%). At 50% RH, for instance, the penetrations at the MPPS, at the initial and final (6th h) loading time stages, increased from 3.47 ± 0.56 to 4.57 ± 0.58% for the constant flow rate of 85 l min −1 , and from 7.79 ± 0.88 to 9.44 ± 0.82% for the constant flow rate of 170 l min −1 (see Fig. 4a,b) . The change in maximum penetration, as a function of the loading time, was statistically significant (P < 0.05) for 170 l min ). For the cyclic flow rate (see Fig. 4c ) on the other hand, the penetration at the MPPS changed from 7.44 ± 0.92 to 7.89 ± 0.86, which was, contrary to constant flow rates, not statistically significant (P > 0.05). However, the MPPS shifted slightly from 29.4 to 34.0 nm.
At 80% RH, the loading effect on penetration was similar to the 50% RH case. For instance, the MPPS penetrations at initial stage and a 6-hour loading time for the 85 and 170 l min −1 constant flow rates increased from 3.63 ± 0.65 to 5.21 ± 0.63% and from 8.49 ± 1.18 to 11.10 ± 1.26%, respectively (see Figs  5a,b) . The change in MPPS penetration, in terms of loading time, was statistically significant (P < 0.05) for both constant flow rates. The MPPS also increased 
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slightly for both flow rates (39.2-45.3 nm for 85 l min −1 and 34.0-45.3 nm for 170 l min −1 ). For cyclic flow, the MPPS penetration varied from 8.15 ± 1.03 to 9.05 ± 1.12 (see Fig. 5c ), which was found to be insignificant (P > 0.05). In fact, the increase (P < 0.05) in penetrations, under high humidity levels (50 and 80%) for cyclic flows could be easily observed only with larger particles, not significantly within the MPPS range (see Figs 4c and 5c ).
Comparison of constant and cyclic flow penetrations
The penetration under a constant flow rate of 85 l min −1 equivalent to the minute volume of the cyclic flow, for all loading time stages of all RH levels, was significantly less (P < 0.05) than the penetration measured for cyclic flow. This could be seen by comparing the subfigures 'a' with 'c' in each of Figs 3-5. The comparison indicates that, regardless of the period for which the respirator is exposed to the challenge particles, the constant flow equivalent to the cyclic flow minute volume may not accurately represent the penetrations that can be estimated by the cyclic flow. The lower penetration under constant flow equal to the cyclic flow minute volume compared to the cyclic flow has also been reported in the literature for mostly initial penetration (Stafford et al. 1973; Brosseau et al., 1990; Eshbaugh et al., 2009; Wang et al., 2012) .
As observed in Figs 3-5b-c, a constant flow equal to the MIF of the cyclic flow, for the initial loading time, could properly represent the penetration obtained by the cyclic flow, since penetration curves for these two flow rates were almost identical (P > 0.05).
Unlike the initial stage, different penetrations were measured for the cyclic and constant flows (equal to the cyclic flow MIF) at the final stage of loading. For instance, at 10% RH, the penetration of a wide range of particles (normally from 20 to 80 nm) was found to be significantly greater (P < 0.05) with cyclic flow than with constant flow. In other words, particle loading rate (in terms of loading time), for 170 l min −1 constant flow, is higher compared to the cyclic flow; since, at constant flow equal to MIF of the cyclic flow, the FFR is exposed with a flow twice as that of cyclic flow (where minute volume is the flow passing through the FFR). A possible explanation for the difference in loading rate is also that, for cyclic flows, the exposure time is limited to inhalation cycles only (half of the respiration cycle); however, for constant flow, the exposure time is the entire period that the filter is exposed to the particles. Another explanation could be that, the exposure under cyclic flow is intermittent with interruptions, while under constant flow is continuous and steady without interruptions. The increase in cyclic flow penetration compared with constant flow equal to the cyclic flow MIF is consistent with the results of Wang et al. (2012) and Eshbaugh et al. (2009) .
A two-way ANOVA was performed to better determine the impact of the flow patterns [cyclic, 170 l min −1 as MIF versus constant equal to cyclic flow MIF (170 l min −1 )] and loading time on penetration at the MPPS. The results indicated that both the loading time and flow patterns (cyclic or constant) are significant parameters in penetration variations (P < 0.05). The analysis indicated an almost significant interaction between the two factor variables (P = 0.051). The interaction between loading time and flow pattern shows that, in different loading time stages, equal or different penetrations at the MPPS could be obtained by constant and cyclic flows.
At 50 and 80% RH, the penetration of particles (usually at the MPPS and larger sizes) at the final loading time stage was found to be significantly greater (P < 0.05) with constant flow than with cyclic flow despite that almost equal penetrations were recorded at the initial stage. In fact, the rate of increase in penetration as a result of loading time for 50 and 80% RH levels was higher for constant flows than cyclic flows.
Similar to 10% RH trials, two-way ANOVA was performed to investigate the flow pattern (constant versus cyclic) and the loading time effect on MPPS penetration. At 50% RH, for instance, it was shown that the impact of flow pattern is significant on the penetration at MPPS (P < 0.05). The loading time impact was found to be close to significant (P = 0.066). However, no significant interaction was found between the loading time and the flow pattern (P = 0.38). The two-way ANOVA, at 80% RH, also indicated that penetration (at MPPS) was significantly influenced by the loading time and the flow pattern (P < 0.05). The interaction between the two factors was, however, not statistically significant (P = 0.42).
DISCUSS IONS
The variations in penetration in terms of loading time could be interpreted as a result of the loading time potential effects on filtration mechanisms which ultimately change the overall filter efficiency. For instance, the reduction in penetration in nanometric ranges at low humidity (10%; see the results section and Fig. 3 ), could be due to the evolution of collection mechanisms during the deposition of the particles inside and on the filter: the increase of the collection efficiency due to diffusion dominates the reduction of the collection efficiency by electrostatic forces. The filter becomes partially clogged and there is less space for new particles to diffuse through the filter medium. The clogging of filters as a result of deposited particles on the filter surface has been suggested in earlier studies (Walsh and Stenhouse, 1997; Wang, 2001) . Overall, the decrease of penetration through N95 filters in terms of particle loading, as observed in this case, is consistent with the experimental results of Moyer and Bergman (2000) and Mostofi et al. (2011) .
Addition of humidity (as an independent variable) to the particle loading tests, suggests a significant difference in filter penetration behavior in terms of loading time (raise of penetration as a function of loading time), as observed for the loading tests with 50 and 80% RH. A potential explanation would be the weakening and neutralization of the electrostatic charges caused by the captured particles on the filter fiber surface. This is consistent with previous studies for electrostatic filter materials (Brown et al., 1988; Walsh and Stenhouse, 1997; Barrett and Rousseau, 1998; Wang, 2001) . Overall, the increase in penetration due to a decreased electrostatic attraction contribution is, in general, in agreement with earlier findings for N95 FFRs (Barrett and Rousseau, 1998; Moyer and Bergman, 2000; Martin and Moyer, 2000) . Moyer and Bergman (2000) have found that the intermittent exposure of filters to ambient humidity for long-term periods (weekly intervals) would raise the average NaCl penetration through electrostatic N95 control FFRs.
Among other possible explanations, one is that at high RH, the NaCl particles are partially or totally hydrated, causing reduction of their electrostatic attraction with the filter. Previous studies have observed that the loading of electret filters with liquid aerosols is accompanied by a steady reduction of filter efficiency (Biermann et al., 1982) . For solid particles, however the penetration tends to decrease after a certain loading stage (Walsh and Stenhouse, 1997; Wang, 2001) . Another possible contribution is attributed to an evolution of the filter membrane itself, as it becomes partially hydrated, potentially changing the filtration properties of the constituting fibers.
To find out the contribution of humidity in loading tests associated with RH, the penetration of control FFR tests (exposure of FFR to an 80% RH and a 85 l min −1 flow rate under no aerosol generation), measured at the initial stage and 6-h stage, are presented in Fig. 6 .
As observed in Fig. 6 , there is a limited impact (P > 0.05) on penetration for control FFRs within the whole tested size range. The above observation can be compared to the loading of filters with particles done at high RH. Such a comparison suggests that, the change in penetration, in terms of the particle loading time, is the main contributor to the particle loading rather than humidity itself. One should consider that, at high RH (i.e. 80%) the generated NaCl particles are normally liquid due to hydrophilic properties. The interaction of liquid (or partially liquid) particles with the filter could result in the degradation of the electrostatic charge. The latter is consistent with the previous observations in literature, where loading of electrostatic filters with liquid particles resulted in continuous reduction of filter efficiency (Biermann et al., 1982; Payet et al., 1992) . This interpretation is also in general agreement with those reported in Rengasamy et al. (2013) . There was an increase of NaCl penetration (polydisperse) up to above the 5% NIOSH limit Figure 6 Control FFR test for a 6-h test under continuous 80% RH without particle loading (85 l min −1 constant flow; N = 3; error bars represent standard deviation).
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due to the electrostatic charge deterioration of N95 filters loaded by DOP. In our study, testing filters under high humidity conditions (for 6 h target period), in absence of loading however, revealed no significant change in penetration, indicating the significant role of loaded particles in the change of penetration rather than RH only. Ultimately, further works are needed to understand the effect of RH on filters and other types of particles (for both hydrophobic and hydrophilic ones) to better understand the impact of particle loading in different test conditions.
Figures 3-5 show that the MPPS normally shifts towards larger sizes, as the loading time increases, suggesting a change in contribution of different mechanisms in overall filtration mechanism. We can assume that the diffusion mechanism has increased, while electrostatic attraction has diminished, therefore the filter behavior could be slightly approximated to mechanical filters. With mechanical filters (no electrostatic attraction), the MPPS occurs at larger sizes compared to electrostatic filters (Martin and Moyer, 2000; Balazy et al., 2006) . In a theoretical approach, Balazy et al. (2006) showed the absence of electrostatic charge in N95 would shift the MPPS towards larger sizes. Martin and Moyer (2000) have also shown that, in an experimental approach, iso-propanol-dipped N95 filters (accompanied with removal of electrostatic charge) would result in a same trend (shift of MPPS towards larger sizes).
LI M ITATIONS A ND FU T UR E WOR K S
This study and its findings are limited to the measurement of penetration in terms of loading time rather than the mass of aerosols deposited on the filter surface. A major limitation to measure the loaded mass of particles is that the range of sizes selected covers particles up to 200 nm, with CMDs at the ultrafine range <100 nm, where the typical MMDs is up to 300 nm, which is out of the range at which mass concentrations and particle loaded masses can be measured. Also, the range covered is mostly in the ultrafine range, where the number concentration and particle surface area is more relevant, rather than the mass concentration.
The findings of this study are attributed to only one model of FFRs tested. Generalization of the above findings to the other filter materials and models are necessary for future investigations. Moreover, the study regarding validation of experimental data using the theoretical modeling is useful to observe. Another important issue is the measurement of the pressure drop during the loading of filters as well as the quality factor which would be necessary for cyclic flows in future investigations.
Finally, the cyclic flows carried out in this research did not include exhalation flows. In real life, the exhalation flow is returned through the filter which may affect the filter performance. It is interesting to note that the exhaled air is constituted of almost humid air; therefore, its impact with the long-term exposure to the filters should be investigated as future works.
CON CLUS IONS
Loading time has a considerable influence on the penetration of particles through N95 FFRs. The loading time tests in this study were performed for periods of up to 6 h challenging polydisperse NaCl particles (10-205.4 nm), using a cyclic flow (85 l min −1 as the minute volume) and two constant flows (85 and 170 l min −1 ) at three RH levels (10, 50, and 80%). Such an influence is strongly dependant of RH.
Results indicated that at low RH levels (10%), the loading time leads to a significant decrease in penetration for most of the sizes in the ultrafine range (<100 nm) for both constant and cyclic flows.
At high RH levels (50 and 80%), the penetration normally increased with loading time, resulting in a trend almost opposite to low RH levels. This could be explained by a reduction in electrostatic mechanism as a result of the interaction between the liquid or partially liquid particles (at higher RH) and filter surface. The control FFR tests (exposure to 80% RH, without particle loading) revealed no obvious impacts on penetration suggesting a significant contribution of the loading effect. The penetration at the MPPS under cyclic flow did not significantly increase compared to constant flows.
Overall, the rate of change in penetration with cyclic flow was observed to be lower than constant flows in this study. Therefore, at the final loading time (6 h), the penetration for a constant flow equal to a cyclic flow MIF was found to be different from that for a cyclic flow, even though the initial penetrations for the two flow patterns were almost equal. One possible explanation for this phenomenon is that the filter at constant flow (continuous and uninterrupted) equal to MIF of the cyclic flow is exposed to a flow twice as that of exposed to cyclic flow (inhalation-only and interrupted). The penetration for a constant flow equal to the minute volume of the cyclic flow, under the same conditions, was lower than the penetration for the cyclic flow. The latter was independent of the loading time.
Also, increasing the loading was usually accompanied by a shift of the MPPS towards larger sizes. The latter suggests that the behavior of the loaded filter with particles tends to become more similar to that of mechanical filters. A decrease in the contribution of the electrostatic attraction mechanisms could be a possible phenomenon resulting in the shift of the MPPS.
